. Cellular hypertrophy can alter the distribution of residual stress in the myocardium, hence can affect active and passive ventricular mechanics. It is hypothesized that an increase in stress-free cell cross-sectional area will tend to increase residual stresses. Therefore transmural distributions of myocyte cross-sectional areas and global ventricular dimensions in young rats 0-21 days following thoracic aortic banding with sham-operated and unoperated control groups were measured in tissue free of all external and residual stresses. Cell cross-sectional area increased in the stress-free state and was uniform across the wall except at 21 days when there was a transmural gradient, with cells at the endocardium 46% larger in diameter than those in the outer wall. Cell area increased from a mean of 156±30  2 at 0 days to a mean of 627±164  2 at 21 days, although during this time there were no statistical changes in the opening angles of stress-free tissue sections. Because the time course of opening angle did not follow the changes in cell thickening, the cellular growth measured in this study is probably not the only factor responsible for the distribution of residual stress.
Introduction
normal, the distributions of local stress components may be altered, particularly the transmural graCardiac hypertrophy is thought to be an adaptive response to altered ventricular wall stress (Grossdients (Omens et al., 1995) . Because different components of stress and strain man, 1980). Although the exact signaling mechanisms by which external loads are detected and are not always homogeneous and may have different transmural distributions, measuring regional transduced by the myocyte have not been characterized, studies in isolated myocytes suggest that variations of cell growth may provide insight into the possible roles of specific local mechanical factors mechanical strain may activate immediate-early genes, stimulating contractile protein synthesis as hypertrophic stimuli. For example, stress and strain in the myofiber direction tend to be uniform leading to cellular hypertrophy (Sadoshima and Izumo, 1993) . In concentric hypertrophy, the reacross the wall during systole and diastole (Arts et al., 1982; Guccione et al., 1991; Omens et al. , sponse to systolic ventricular pressure overload is significant ventricular wall thickening associated 1991), but cross-fiber and radial components tend to be greatest at the endocardium. Because myocyte with increased myocyte radius without significant changes in cell length (Anversa et al., 1986) . Aldimensions in situ are affected by the loading of the myocardium, regional changes in cell shape due to though this increase in wall thickness may be hypertrophy must be measured independently of
The sham animals that did not survive died before or during recovery from the surgery. A third group myocardial stresses. One factor that affects the transmural distribution of wall stress and strain is of 32 unoperated animals was used to study the normal changes with age over the duration of the the presence of residual stress in the unloaded myocardium (Omens and Fung, 1990 ; Guccione et study. Cell morphology was measured in rats from the 0, 7, 14 and 21 day groups. All procedures al., 1991) . In the absence of external pressure, the left ventricular wall of the arrested heart is not were performed according to the American Association for Accreditation of Laboratory Animal stress-free. Hence, normal ventricular sarcomere lengths are significantly greater at the epicardium Care guidelines, and the animal use protocols were all approved by the University of California San than the endocardium when the intact myocardium is fixed in the unloaded state (Grimm et al., 1980;  Diego Animal Subjects Committee. Rodriguez et al., 1993) , but they are transmurally uniform if residual stresses are first relieved by cutting the tissue.
Chronic banding procedure In arteries, residual stress and strain have been shown to change significantly as a function of Male Sprague-Dawley rats were anesthetized with ketamine 100 mg/kg, morphine 2.5 mg/kg, and vascular hypertrophy (Fung and Liu, 1989) . Using a theoretical analysis, Rodriguez et al. (1994) sugxylazine 5 mg/kg intraperitoneally (i.p.). The rat was placed in the lateral position on a table heated gested that residual stress and strain could change during ventricular hypertrophy if the ratio of wall with circulating warm water and ventilated with 70% O 2 /30% N 2 gas. Under aseptic conditions, a thickness to cavity radius was altered. Therefore, in concentric hypertrophy a reduction in chamber left, 4th interspace thoracotomy was performed and the chest opened. A hemostatic clip (Ligaclip size circumference relative to wall thickness would compress the endocardium and stretch the epicardium small) was placed around the root of the ascending aorta causing a partial occlusion. The area conthus increasing residual stress. Because residual and load-dependent stresses are both likely to change strained by the clip was reduced to 1.25 mm 2 which produced to a stenosis of approximately 45-60% during ventricular hypertrophy, the associated changes in myocyte shape should be measured in in a 100-g rat. The incision was closed in layers and the chest evacuated to prevent pneumothorax. the stress-free state of the tissue. Therefore, the objective of the present study was to measure
The animals were rotated from side to side every 15 min to prevent atelectasis. Post-operatively they changes in stress-free ventricular shape and regional myocyte morphology associated with preswere treated with morphine sulfate (5.0-7.5 mg/ kg sc.) for analgesia as needed. A subcutaneous sure overload hypertrophy. Because previous studies of the relation between hypertrophy and wall injection of 1-5 ml 0.9% NaCl was given as needed to replace lost fluid. The banding procedure required mechanics have usually correlated global dimensional changes with mean wall stress, the auabout 20 min. The same procedure was used in the sham preparations, but the hemostatic clip was not thors were also interested in determining whether the observed local cell shape changes correlated placed on the aorta. with the global changes in the stress-free ventricular geometry.
Acute procedures
The isolated potassium-arrested rat heart pre-
Materials and Methods
paration used previously (Rodriguez et al., 1993) was employed for the present study. The surviving In a total of 78 rats (75-165 g), the ascending aortas were banded to induce concentric left ventanimals (banded, shams and unoperated controls) were anesthetized with pentobarbital (100 mg/kg) ricular hypertrophy. The zero-stress configuration was measured in the 46 survivors at 3, 7, 14 and i.p. A tracheotomy was performed, and the animal was ventilated with 70% O 2 /30% N 2 gas for 21 days after banding. Of the 32 animals that did not survive, all but three died either during surgery 5-10 min. The chest was opened and the heart was arrested by clamping the ascending aorta and or during recovery. Of the remaining three, two died after 2 days and one after 6 days. Another injecting 3-4 ml of cooled, heparinized (10 units/ ml), hyperkalemic, Krebs-Henseleit solution dirgroup of 36 age-and weight-matched rats were sham operated (thoracotomy without banding) and ectly into the left ventricle (LV) through the apex. The perfusate contained in m: NaCl 68, KCl 30, studied at the same time intervals (28 survivors). NaHCO 3 36, MgCl 2 ·6H 2 O 1, Na 2 SO 4 2, and Dextrose
Cell cross-sectional area 11 and was bubbled with 95% O 2 /5% CO 2 gas. Also added to the perfusate were 30 m of 2,3
Immediately after the experiment, remaining apical tissue from selected animals was weighed and then butanedione monoxime (BDM) to delay ischemic contracture. The arrested hearts were removed rapdehydrated at 70°C for 1 week to determine tissue water content. All remaining tissue was fixed. After idly, and the ascending aorta was cannulated. The coronary circulation was perfused with chilled hyfixation overnight or longer in buffered glutaraldehyde, the slices were washed with distilled perkalemic solution for 1-3 min at approximately 50 mmHg.
water and dehydrated in successive baths of 70%, 95% and 100% ethyl alcohol for 1 h each. Specimens were cold infiltrated for up to 7 days and embedded with Polaron® resin (EM Corp.). Before area measurements were made, tissue near the unloaded equatorial slice was sectioned at 10 equiOpening angle distant transmural sites (10-m thick sections) along planes parallel to the epicardium, and these Two adjacent equatorial cross-sectional slices, 2-3 mm thick, were cut with a razor blade from sections were used to measure the transmural distribution of muscle fiber angle (Omens et al., 1993) . the arrested heart near the equator as described previously (Rodriguez et al., 1993) . The slices were
The measured fiber angles were used to guide the sectioning of the stress-free slices in planes always studied simultaneously with adjacent sides facing upwards. The two intact rings were subtransverse to the myofiber axis. To obtain accurate cross-sectional areas, the microtome knife angle merged in a small dish of cool perfusate. The fluid served to support the slices in their natural unloaded was adjusted in 10°increments. Since the microtome allowed a maximum variation of knife shape and to minimize the external effects of friction and gravity. A photograph was taken of the two orientation of 80°, the entire transmural range of fiber angles could be obtained by remounting the slices in their intact state using a 35-mm camera (Olympus OM4-T) with a 90-mm macro lens (Tamspecimen only once. Hence, 8-14 sections perpendicular to the long axis of the cells were obtained ron). The more basal slice was then removed from the bath, and a radial cut was made through the across the entire wall thickness. A linear function was fitted to the transmural fiber angle distribution left ventricular free wall at the same location in each heart. The right ventricular wall was left obtained from the unloaded section. This linear fit was then used to find the correct transmural pointact. Within 15 s, the slice with the radial cut was replaced in the dish and a second photograph sition for any section obtained in the stress-free state. All sections for cell cross-sectional area were was taken. After the radial cut was made, the left ventricular myocardium was considered to be 3-5 m thick and stained lightly with Toluidine blue. stress-free (Omens and Fung, 1990 ). Within 30 s of the second photographic exposure, the perfusate Sections were imaged under 400× magnification using a 24-bit color image acquisition card (Data was replaced with buffered glutaraldehyde (50% glutaraldehyde 10 ml, cacodylic acid sodium salt Translation), a CCD color video camera (JVC), and analyzed using a Macintosh computer based impowder 1.49 g, NaCl 0.617 g, H 2 O 70 ml) and a third photograph was taken to record the deaging system (Image version 1.44). Cross-sectional area was measured in 30 to 50 cells per section formation associated with the fixation. Additional photographs were taken at 1-min intervals for (Fig. 1) . Cell borders were manually traced with a cursor and cell area was calculated. To determine 7-10 min to record any subsequent shape changes during fixation.
the region over a section at which cells were most normal to the section, a criteria based on A-band Residual strain is the strain that is observed when residual stress is relieved. A simplified indication of spacing was used (Poole et al., 1992) . Cells with maximum A-band spacing were selected by visual the residual strain in the left ventricular wall was obtained from the photographs of the cut tissue by estimation. Ideally, if a cell has been sectioned normal to the fiber axis, no A-bands should be measuring the opening angle of the stress-free slice as previously defined (Omens and Fung, 1990) . The visible. In this case, the cells exhibit a granulated texture corresponding to a cross-sectional view of opening angle is the angle between the two rays originating at the center of the LV cavity (dethe myofibrils. At no time were cells selected solely on a circular or regular outline criteria. This could termined prior to radial cutting) and intersecting the LV wall at the center of the cut edges.
have led to incorrect results since cells, particularly
Statistical analysis
The differences in the time course changes of body weight, heart weight, opening angle and crosssectional area between the banded, sham-operated and normal groups were examined using two way analysis of variance (ANOVA), with the two factors being time (number of days) and surgical intervention (normal, banded, sham-operated). P<0.05 for the interaction of time with intervention was taken to show that the intervention significantly influenced the time course of the dependent variable. If this interaction was significant, individual differences were examined with least square differences comparisons of the means.
To examine the effects of time, intervention and transmural position on cell cross-sectional area, a two way analysis of co-variance (ANCOVA) was used. The discrete independent variables were time (0, 7, 14 and 21 days) and intervention (banded, sham-operated and unoperated control), the cofactor was depth, and the dependent variable was cell area.
To determine sampling sufficiency for the crosssectional areas, the relative standard error (...) for each histological section was determined (stand- (Milton and Tsokos, 1983) was applied to each individual histological section, and also to each transmural grouping in each animal to determine after extended periods of banding, appear to become if the sample measurements were normally dishighly irregular in cross-sectional area and shape.
tributed. Cell cross-sectional areas were grouped into three transmural locations (epicardial, midwall, and endocardial) for each animal. Each of these groups represented two to six histological sections, thus Results 60 to 200 cell size measurements per animal at each depth grouping. The average transmural cell
In each of the three groups (normal, sham, band), size was also found in each animal by averaging body weight increased during the 21 days of the all of the area measurements across the wall. study due to physiological growth, from a mean of 117±18 g (±.., all groups) at 0 days to 296±23 g at 21 days. There was no significant effect of treatment on the body weight for the different time points. The type of intervention (banStress-free global dimensions ded, sham or unoperated control) did significantly affect the time course of heart weight (P<0.001). Global dimensions were measured by scanning the photographs of the stress-free state of each heart At both 14 and 21 days there was a significant difference in heart weight between the banded and that were taken immediately after the radial cut. The images were then analysed using the same sham-operated groups (P<0.001), but not between the sham animals and body-weight-matched unsoftware employed for measurements of cell size. Measurements were taken of the outer and inner operated control group. Heart weights in banded animals at 14 and 21 days were 1.07±0.10 g and circumferences as well as wall thickness averaged from ten sites around the circumference.
1.39±0.11 g, respectively, compared with a mean myocardial water content of 84.4±13.5%. No significant changes in water content were measured in any of the groups. Three-and 7-day banded rats had 75.4±8.0% and 86.8±9.0% tissue water on the wall thickness was significant (P=0.03). There were also increases in the wall thickness of contents respectively, and 14-and 21-day shamoperated animals had 86.5±4.5% and 85.7±1.5% the sham and unoperated controls (7% and 11%, respectively). During the first week, the left ventwater contents. Thus, myocardial edema should not affect the time course of the parameters measured in ricular wall thickness in the normal unoperated controls actually decreased 0.43 mm. this study.
The changes in global dimensions with time in the The overall mean opening angle for all banded animals at the different times was 60±15°, which stress-free configuration of all animals are shown in Figure 3 . For all three groups, the cavity radius was significantly higher than the mean opening angle of 51±11°of the weight-matched unoperated increased with time and the effect of time on cavity radius was statistically significant (P<0.001), alcontrols (P=0.0052), and in each group tended to decrease with time (Fig. 4) . The intervention (banthough the interaction of surgical intervention with the time course on ventricular radius was not ded v unoperated normal) did not statistically affect the time course of changes in opening angle (P= significant (P=0.08) [ Fig. 3(a) ]. The inner radius increased from 1.6±0.1 to 2.6±0.2 mm (all 0.58). However, at 7 days only the opening angles from the banded animals were significantly higher groups). As expected, wall thickness increased with pressure overload hypertrophy [ Fig. 3(b) ]. The larthan those from the unoperated animals (P= 0.0118). At no time point was there a significant gest increase in wall thickness for the banded animals occurred during the second week after difference in opening angles between the banded and sham groups; the largest difference in the banding (25%), and the overall effect of treatment distributed. The 2 test on transmural groups of areas (n=30 groups, Fig. 5 ) gave slightly smaller 2 values with an increased number of categories, ranging from 2.20 to 15.41. Twenty-seven of the at the endocardium, and the distributions were reasonably linear across the wall. There were no 30 groups had a test statistic below the critical value ( =0.005), thus failing to reject the null differences in transmural fiber angle distributions between sham and banded animals. At 7 and 14 hypothesis, and the other three groups had calculated values of 2 of 12.9 to 15.4. These statistical days, there was no significant effect of transmural position on cell area (P=0.62 and P=0.30, reresults show that almost all of the individual and grouped samples were normally distributed, hence spectively) regardless of the treatment (Fig. 5) . However, at 21 days, cell area was significantly affected further ANOVA is valid.
The average distribution of fiber angle for all of by transmural location (P=0.005). When cell cross-sectional area was averaged across the wall, the hearts ranged from −72±14°with respect to the equatorial axis at the epicardium to 48±12°there was a significant effect of both time and by this time. Although cell area did continue to increase, there was no further increase in wall thickness after 14 days, suggesting a possible loss of cells through the wall thickness or cell rearrangement. These possible structural changes may also correlate with the small changes in opening angle during this period: increases in myocyte thickness without any other morphological changes should lead to an increase in the opening angle, which was not seen in this study. The results also suggest that if stress or strain are direct local hypertrophic stimuli, then the components that are thought to have the smallest transmural variations, such as fiber stress and strain, may be involved initially since transmural growth was uniform during the to renin-angiotensin system involvement. Aortic banding can produce variable hypertrophic responses in relationship to several factors, including intervention on cell area (P<0.001) (Fig. 6) . The location and severity of an aortic band, as well as interaction of time and treatment was also sigthe age of the animal and the rapidity and duration nificant (P<0.001), indicating that the time course of the overload (Weber et al., 1987) . The authors' of area was affected by the type of procedure. There measurements of tissue hypertrophy following thorwere no significant differences between normal and acic aortic banding are comparable to those presham areas at any time point, and the mean banded viously found in several studies (Lipana and Fanarea was significantly different than normal or burg, 1970; Bing et al., 1971; Villarreal and Disham (P<0.05, 7 day; P<0.002, 14 day; P<0.001, llmann, 1992) . It is also possible to create 21 day). There was also a notable increase in substantially greater hypertrophy in young rats variation in cell area with hypertrophy. The vari-(Bugaisky et al., 1990) , although the increased ations (S.D. 2 ) at 21 days in cross-sectional area growth rate may lead to development of cardiac increased from 9.0×10 4 for banded animals. been made using both isolated cells (Bishop et al., 1979; Gerdes et al., 1986; Campbell et al., 1991) and with microscopy of embedded tissue. Embedded tissue can be analysed with either low-power elecDiscussion tron (Loud et al., 1978; Anversa et al., 1984) or light microscopy (Isoyama et al., 1987 ; White et The objective of this study was to identify changes in the stress-free cellular morphology that occur al., 1988; Karam et al., 1990) . One advantage of using embedded tissue is that the precise transmural during pressure overload hypertrophy in the rat heart, and to relate these changes to possible allocation of the cells is known. The intact extracellular matrix may influence the shape of the terations in ventricular residual stress and global geometry. It is necessary to document the stress-free cells in an intact tissue preparation. Disadvantages of the whole tissue techniques include cutting arevolution of tissue morphology because changes arising from growth and remodeling should be tifacts, tissue shrinkage during fixation and embedding, and difficulties in determining accurate quantified in the stress-free state, where measurements are not affected by any external loading cell length due to the variability in the locations of the intercalated disks (Bishop et al., 1979) . Estimates or internal stresses. Banding caused increased wall thickening in the second week compared with conof cellular dimensions are comparable in both whole tissue and isolated cell preparations (Gerdes et al., trols, and cell area had also started to increase 1986), although values reported in the literature before growth, the net radial growth may be overestimated and the actual opening angle may be less have substantial variations for the same size and type animals. For example, in control rats using than expected. If cell loss did actually occur, it could be the result of ischemia leading to cell death embedded tissue samples, Litwin et al. (1991) found left ventricular myocyte cross-sectional areas of during the hypertrophy process. There may also be significant changes in material properties due to about 330 m 2 for rats of body weight 317 g. Crosssectional areas found from isolated cells in general replacement fibrosis, which could alter the effect of time on the residual stress. Cell number and tended to be smaller, for example, 196-244 m 2 in 306 g control rats found by Gerdes and coworkers extracellular matrix changes were not measured in the present study though, so further analysis will (1986). In the present study, the cross-sectional area in 21 day control groups (304 g) rats was be necessary to elucidate the role of these factors.
In conclusion, we have determined that stress-314 m 2 .
In a previous mathematical model of stress-defree cell shape changes due to growth and remodeling during pressure overload hypertrophy inpendent growth in the left ventricle, Rodriguez et al. (1994) proposed that growth and remodeling in clude increases in cell cross-sectional area. Increases in stress-free cell area occur uniformly across the the myocardium are modulated by external mechanical factors, specifically stress. The model prewall up to 2 weeks after banding, but after 21 days there is a significant gradient of cell area with cells dicted an increase in residual stress, thus an increase in opening angle, when concentric hyperin the inner wall being up to 50% larger than cells in the outer wall. The global stress-free dimensions trophy developed in the LV. The model also predicted a decrease in opening angle when myocytes correlate with changes at the cellular level, although the results indicate that other factors besides lengthened along their long axis without increasing their cross-sectional area, similar to volume overincreases in cell cross-sectional area may play important roles in the time course changes of residual load hypertrophy. It is proposed that radial and longitudinal cellular growth rates interact with stress and wall thickness. If mechanical factors such as stress or strain are presumed to be stimulating each other to give rise to the time varying changes in the residual stress. Because the results of this factors for myocyte growth, then the transmural results imply that during periods of uniform transstudy did not indicate a substantial change in residual stress during the hypertrophic growth mural growth the stimulus is likely a uniform component such as fiber stress or strain. When period, it is concluded that the measured increase in cellular area is accompanied by a change in transmural growth becomes non-uniform (3 weeks), other components of stress or strain may cell length, and this combination tended to negate possible changes in opening angle, hence the rebe stimulating cellular cross-sectional growth, or the fiber stress may be non-uniform at this time. sidual stress remains relatively constant. If only radial growth of myocytes occurred during pressure overload hypertrophy, significant changes in opening angle would be expected.
